Ionizing radiation exposure significantly alters the structure and function of microvascular networks, which regulate delivery of oxygen to tissue. In this study we use a hamster cremaster muscle model to study changes in microvascular network parameters and use a mathematical model to study the effects of these observed structural and microhemodynamic changes in microvascular networks on oxygen delivery to the tissue. Our experimental observations indicate that in microvascular networks while some parameters are significantly affected by irradiation (e.g. RBC transit time), others remain at the control level (e.g. RBC path length) up to 180 days post-irradiation. The results from our mathematical model indicate that tissue oxygenation patterns are significantly different in irradiated normal tissue as compared to age-matched controls and the differences are apparent as early as 3 days post irradiation. However, oxygen delivery to irradiated tissue was not found to be significantly different from age matched controls at any time between 7 days to 6 months post-irradiation. These findings indicate that microvascular late effects in irradiated normal tissue may be due to factors other than compromised tissue oxygenation.
INTRODUCTION
Microvascular networks, controlling the delivery of oxygen and nutrients and the removal of metabolic waste, are the most sensitive part of the vascular system to ionizing radiation 1) . Among other effects, radiation can induce changes in microvascular network structure and function 2) , microvascular network regulatory mechanisms 3) , and the inflamatory cascade 4, 5, 6) . Recently we have shown that ionizing radiation significantly changes the structure and microhemodynamics of capillaries in the hamster cremaster muscle 7, 8) : compared to age-matched controls at early time points (3, 7 , and 30 days post-irradiation) vessel diameter significantly decreased with age, red blood cell velocity was significantly smaller, capillary surface area decreased and vessel hematocrit increased, and finally blood flow was significantly lower; at late time points (60, 120, and 180 days post-irradiation) red blood cell flux, red blood cell velocity and capillary blood flow in networks at the 180 day time point were significantly larger than age-matched controls. In summary, microvascular changes at late time points were not as pronounced as those observed at early time points which may imply that some degree of recovery from radiation induced microvascular damage may occur at later time points.
Radiation induced changes in the microvasculature could in turn have a marked effect on tissue oxygenation and could lead to the development of acute and/or chronic hypoxia. While tumor oxygenation and its role in tumor progression and therapy has been studied extensively (e.g. 9, 10) ), there is very limited data on the role of hypoxia in the development of normal tissue radiation damage 2) . Radiation induced hypoxia has been suggested as a mechanism to explain the cascade of events that occur following irradiation and leading to long term tissue damage 11, 12) and modest reductions in cerebral blood flow after stereotactic radiosurgery has been observed clinically 13) . Changes in permeability caused, by among other things, endothelial cell damage are thought to impede oxygen delivery causing hypoxia which in turn may initiate an angiogenic response which in turn could lead to an increase in microvascular density and hence blood flow to the affected region 11) . However, it is not clear if in irradiated tissue changes in microvascular network structure and microhemodynamics are correlated with changes in tissue oxygenation.
Disruption of tissue oxygenation may be a cause of, or at least correlated with, the microvascular late effects of ionizing radiation. In this study we present measured changes in several microvascular network parameters (e.g. red blood cell (RBC) path length and transit time) which impact tissue oxygenation and use these experimental measurements in a mathematical model to study the effects of these structural and microhemodynamic changes in microvascular networks on oxygen delivery to the tissue from 3 to 180 days post-irradiation.
MATERIALS AND METHODS

Experimental techniques
The intravital microscopy techniques have been described in detail before 7, 8, 14) and will be presented here only briefly.
Animal model
The cremaster muscle of male Golden Syrian Hamsters (Harlan, Indianapolis, IN) were used to study the effects of ionizing radiation on microvascular networks at 3, 7, 30, 60, 120, and 180 days post-irradiation and compared to age matched controls to account for microvascular changes caused by aging. This preparation consists of a thin layer of muscle tissue which can be transilluminated and is therefore well suited for intravital microscopy. Animals at 52 days of age (90 ± 5.0 g, mean ± SD) were randomly assigned to either the irradiated group or the age matched control group. Five animals were studied in each control and irradiated group for a total of 60 animals. All protocols were approved by the Animal Care and Use Committee of the University of Tennessee Health Science Center and followed the guidelines of the National Institutes of Health.
Irradiation
A low dose (25 mg/kg, i.p.) of pentobarbital sodium solution was used to tranquilize the animals for approximately 15 minutes during the irradiation procedure. A single 10 Gy dose of 6 MV X-rays was delivered at a rate of 2 Gy/min using a Siemens MD-2 linear accelerator (Concord, CA). A special collimator, 3.5 cm in diameter and normally used for human stereotactic radiosurgery, was used to deliver a localized dose of radiation bilaterally to the testicle regions. Tissue equivalent bolus (BOLX-II, Melton, Hagerstown, MD) was placed above and below the scrotum to establish electronic equilibrium and insure the prescribed dose was delivered uniformly to the cremaster muscle.
Surgical methods
Prior to surgery animals were anesthetized with an IP injection consisting of 600 mg/kg of urethane and 90 mg/kg of α-chloralose. Body temperature was maintained at approximately 37°C by convective heating. Animals were intubated, catheterized (left femoral vein), and placed on a surgical board where the right cremaster muscle was pinned as a flat sheet with minimal disruption to the tissue. Preparations were maintained at a temperature of 36 ± 0.5°C and superfused at a rate of 5ml/min with a bicarbonate buffered salt solution equilibrated with 5% CO 2 -95% N 2 .
Microvascular networks
After surgery the tissue preparation was allowed to stabilize for 30 min before taking data. During this time 0.1 ml of fluorescently labeled RBCs (DiI, Molecular Probes, Eugene, OR) were injected via the femoral vein catheter. An application of a 10 -4 M adenosine solution was used to test for the presence of vascular tone in the second major arcade arteriole supplying the network. Preparations in which adequate (>15%) vasodilatation of the second major arcade arteriole was not present were discarded. Similar fractions of irradiated and control animals (~15%) were discarded due to the lack of arterial tone. In order to reduce heterogeneity due to spatial variations in the tissue, all microvascular networks examined were located at the distal end of the second major arcade arteriole to bifurcate from the central feed arteriole 15) . At the end of each experiment blood was collected by toe clip. Systemic hematocrit was measured using a microcentrifuge (Drucker Co., Hialeah, FL) and labeled RBC fraction was determined by flow cytometry (Coulter Epics Profile II, Miami, FL).
Intravital Microscopy & SVHS Recordings
Microvascular networks were observed using intravital microscopy techniques. An industrial grade microscope (Model MM-11, Nikon) employing two camera assemblies and consisting of bright field (75 W xenon) and fluorescent (100 W mercury) light sources was used. The primary camera assembly was used to record bright field images and consisted of a chilled CCD camera and controller (Hamamatsu C5985). The secondary camera assembly consisted of a CCD camera (MTI CCD72, Michigan City, IN) in conjunction with an intensifier (MTI GenIISys, Michigan City, IN). Using a 10× objective lens this assembly was used to obtain fluorescent images from which RBC flux was measured. Vessel diameter and RBC velocity were measured using a 20× objective lens.
Experiments were viewed on a video monitor (Panasonic WV-5410) and recorded on a SVHS VCR (JVC HR-54900U) for off-line analysis. A digital video mixer (Videonics Digital Video Mixer, Mexico) was used to switch between the two camera assemblies. A video title maker (Videoonics Title Maker 3000, Mexico) was used to place an electronic time and text stamp (containing experiment number, radiation status, and objective lens used) on each video field.
Microvascular maps
Maps of complete microvascular networks were constructed from a collage of videotaped fluorescent images using a Geographic Information Systems (GIS) technique 14) .
Data collection
Measurements of vessel diameter and RBC flux for all vessels within a network were made off-line as described before 7, 14) . RBC transit time and path length within a microvascular network were calculated using measured values of RBC velocity, RBC fraction at bifurcations and vessel length. First, using network topology all possible paths within a network were determined. Next, entrance probability (probability of an RBC entering a daughter vessel at a bifurcation from a parent vessel) for each vessel was calculated as the ratio of RBC flux in the daughter vessel to that in the parent vessel. The probability of taking a specific path (path probability) within the network was then the product of the entrance probabilities for all vessels within that path. Finally, the average RBC transit time was estimated as the summation of the product of the paths probability and RBC transit time for all paths within that network.
Oxygen diffusion model
A Krogh-Erlang model accounting for resistance to oxygen transport in both capillary and tissue 16) was used to determine oxygen partial pressure (PO 2 ) in control and irradiated tissue. In this approach, the equation governing oxygen transport in tissue can be written as Where α t is tissue solubility coefficient (2.8 × 10 -5 ml O 2 /ml/ mmHg 16) ), P t is partial pressure of oxygen (pO 2 ) in the tissue, K is Krogh diffusion coefficient (3.9 × 10 -10 ml O 2 /cm/s/mmHg 17) ), and r and z are radial and axial directions, respectively, in the capillary. M is oxygen consumption rate, which has been measured to be 1.3 × 10 -4 ml O 2 /ml/s in resting muscle tissue 16, 18) . Under appropriate simplifying assumptions 16) , the above equation can be solved to give: Using Hill's oxyhemoglobin dissociation curve, pO 2 distribution along the capillary (P b ) can be expressed as:
Where and z * = z/L. Here, P 50 represents the pO 2 at which hemoglobin is 50% saturated with oxygen (28 mmHg for hamster 19) ), S a is oxygen saturation level of blood at the arterial end of the capillary (95% assuming P a =9 5 mmHg 16) ), R is tissue radius, R c is capillary radius (path radius), M is tissue oxygen consumption rate (1.3 × 10 -4 ml O 2 /ml/s 16) ), L is the capillary length (path length), C is oxygen binding capacity (3.5 × 10 -11 ml O 2 /RBC 16) ), and F is red blood cell flux through the capillary. We have used a maximum tissue radius of 60 µm based on our observations of the thickness of the hamster cremaster muscle which did not change with irradiation; this value is in agreement with published data 20) . The tissue radius was then assumed to decrease linearly along the vessel length at a rate of 1 µm per 40 µm of vessel length. Changing this slope by 20% did not qualitatively change our findings.
At the capillary-blood interface, pO 2 can be calculated from:
where k is the mass transfer coefficient (6.8 × 10 -10 ml O 2 /cm/s/ mmHg 17) ). A cone-shaped tissue geometry 21) was used to eliminate the "lethal corner" typical of Krogh cylinder. This geometry simulates the "counter current" model which yields a more realistic spatial distribution of tissue oxygen values 22) . Similar to a published approach 21) , the O 2 mass balance in each tissue slice was checked and all tissue pO 2 values less than 0.5 mmHg were set to zero; in these areas the oxygen consumption was then set to zero.
A summary of values of parameters used in our mathematical model is presented in Table 1 . Average path length, path diameter, and red blood cell flux (Q) values calculated from our experimental data 7, 8, 14) in control and irradiated networks, as presented in Table 2 , were used in the model. All calculations and simulations were carried out using Microsoft Excel and Visual Basic.
Statistical analysis
Differences in parameters between irradiated and agematched controls were tested by a multi-factor analysis of variance (ANOVA) using Statgraphics Plus (Manugistics, Inc., Rockville, MD). A multiple comparison procedure (Fisher's least significant difference, LSD) was used to discriminate among the means. Data are presented as mean ± SEM and differences between the means were considered statistically significant if P < 0.05.
RESULTS
Previously we have reported 7, 8) that the structure and function of individual capillaries changes significantly post-irradiation and that these microvascular changes at later time points (60, 120 and 180 days post-irradiation) are not as pronounced compared to those observed at earlier time points (3, 7 and 30 days post- irradiation). However, oxygen delivery to the tissue is regulated by microvascular networks which are the functional units of the microvasculature and are formed by interacting groups of capillaries 23) . In irradiated networks RBC path length was not found to be significantly different from control at any time points up to 180 days post-irradiation, see Fig. 1 . On the other hand, RBC transit time was found to be significantly different from those observed in control networks at all time points post-irradiation except for 7 and 60 days post-irradiation, see Fig. 2 . Our estimated transit time values for normal tissue are in agreement with published values for the rat cremaster muscle obtained by the indicator dilution method 24) . These findings are in agreement with our earlier reports that structural and microhemodynamic changes in microvascular networks at late time points (60, 120, and 180 days post-irradiation) are not as pronounced as those observed at early time points (3, 7 , and 30 days post-irradiation) 7) . Our mathematical model provides detailed information on the oxygenation patterns in irradiated and control tissues. Figure 3 shows typical detailed oxygenation contours obtained from the model and indicates that while at 3 days post-irradiation there were significant hypoxic areas (indicated by the lighter shades) in the irradiated tissue, there were no hypoxic areas in the agematched controls. As shown in Fig. 4 , development of hypoxic areas in the irradiated tissue at 3 days post-irradiation resulted in a significant left shift in the tissue pO 2 histogram compared to age-matched controls. Predicted average tissue pO 2 values are shown in Fig. 5 and indicate that while tissue pO 2 in 3 days postirradiated tissue was significantly (p < 0.01) different from agematched controls there were no significant differences at later time points. The latter finding may imply that some degree of recovery from radiation induced oxygenation damage may occur at later time points which is in agreement with our previous experimental findings 8) . The variability (SD/mean) in tissue oxy- Table 2 . Experimental values used in the simulation (7, 11, 17) ; all values are given as mean ± SEM, n = 5 animals per group. 
DISCUSSION
Exposure to ionizing radiation significantly alters the microvasculature which in turn may affect tissue oxygenation. Our experimental observations indicate that in microvascular networks while some parameters are significantly affected by irradiation (e.g. RBC transit time), others remain at the control level (e.g. RBC path length) up to 180 days post-irradiation. Our findings from our mathematical model indicate that tissue oxygenation patterns are significantly different in irradiated normal tissue as compared to age-matched controls and the differences are apparent as early as 3 days post irradiation. This early hypoxia only persists for a few days as tissue oxygenation recovers within 7 days post-IR but even transient hypoxia may still cause significant damage to the tissue possibly through the upregulated inflammatory response 2) . However, oxygen delivery to irradiated tissue partially recovers within 6 months post-irradiation. Long-term effects of ionizing radiation on normal tissue pO 2 has been studied in a very limited number of studies 2) . Our results in the 10 Gy irradiated cremaster muscle are in general agreement with a report of microvascular "improvement" over time in the rat brains after 30 Gy of irradiation 25) but in disagree- figure 3 indicates that compared to age-matched controls, there was a significant left shift in the tissue pO 2 histogram at 3 days post-irradiation.
Fig. 5.
While tissue pO 2 at 3 days post-irradiated tissue was significantly different from age-matched controls, there were no significant differences in tissue oxygenation between irradiated and age-matched controls at later time points up to 180 days post-irradiation. Data are presented as mean ± SEM; **indicates p < 0.01. ment with those indicating that hypoxia persists up to 6 months in 28 Gy irradiated rat lungs 12) and 22 Gy irradiated spinal cord 11) . A recent study reported a modest reductions in cerebral blood flow after stereotactic radiosurgery 13) but these investigators did not measure changes in oxygen levels which may have resulted from the reduction in blood flow. This discrepancy may be due in part to the radiation dose and type of tissue used in our study (i.e. 10 Gy in cremaster muscle ) vs. those used in other studies (i.e. 22-28 Gy in lung and spinal cord). However, our predicted tissue pO 2 values and their changes with age in control animals are in agreement with the literature 26) . The overall finding from this study and our previous studies 7) showing that most changes in the microvascular changes are at the early (<30 days) time points post-irradiation may indicate that the observed microvascular late effects of ionizing radiation may be due to factors other than changes in microvascular structure/function and its oxygenation ability. In fact we have shown 3) that normal blood flow regulatory mechanisms, such as the microvascular conducted response 27) , may be dysfunctional in irradiated normal tissue. The upregulation of the inflammatory process 4, 5, 6, 28) , direct endothelial cell damage and increases in microvascular permeability 12) , as well as other processes, in the irradiated normal tissue may also play a key role in initiating the microvascular late effects of ionizing radiation. Future studies should concentrate on the study of the long term effects of ionizing radiation on the microvascular regulatory and inflammatory processes.
In this study we have used a cone-shaped tissue geometry 21) to better simulate the "counter current" model 22) which yields a more realistic spatial distribution of tissue oxygen values. While assuming a cylindrical shape tissue geometry resulted in numerical values that are different from those presented here, the overall finding were not qualitatively different from those presented here, i.e. while tissue oxygenation was significantly compromised at early time points after irradiation there were a significant degree of recovery at later time points. Our findings were not sensitive to changes in tissue oxygen consumption rate under the assumption that tissue oxygen consumption rate is similar in control and irradiated tissue.
In recent years more sophisticated mathematical models of oxygen delivery to tissue have been developed which account for microvascular network morphology 29, 30) . The latter may be important in light of the possibility of the diffusive oxygen transfer from arterioles to the tissue and venules 31, 32) . Nevertheless, the Krogh model can still provide very useful insight into the relationship between changes in vascular geometry/function and tissue oxygenation 33) . Another limitation of our model may be that oxygen consumption in irradiated tissue may be different from control. However, in the absence of data indicating that oxygen consumption changes in irradiated tissue, we have assumed this parameter to be the same in control and irradiated tissue. We are currently in the process of obtaining more detailed experimental measurements of microvascular geometry, hemodynamic parameters, and pO 2 values which can then be used in these more sophisticated models to develop better estimates of oxygenation in irradiated normal tissue.
In summary, our findings indicate that tissue oxygenation may be compromised in irradiated normal tissue as compared to agematched controls and the differences are apparent as early as 3 days post irradiation. However, oxygen delivery to irradiated tissue recovers within 6 months post-irradiation. The microvascular late effects in irradiated normal tissue may be due to factors other than compromised tissue oxygenation.
